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Abstract 
During the process of carbon dioxide storage in deep saline aquifers a large quantity of brine will become saturated with 
dissolved CO2. Although saturated brine is denser than pure brine, there are several plausible mechanisms by which CO2-
saturated brine could be transported to a shallower depth, where the CO2 would come out of solution (exsolve), forming a mobile 
gas phase. In this paper we describe preliminary results of laboratory experiments performed in order to observe the formation of 
exsolved CO2 as the pressure experienced by the core sample was gradually decreased from reservoir conditions (~124 bars or 
1800 psi). X-ray CT scanning was used to measure CO2 saturation and observe its spatial distribution within the core sample as a 
function of time and pressure. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Assessing the long term consequences of CO2 injection into the subsurface within a geological storage site is of 
major importance. To ensure a secure storage and gain public acceptance, safety has to be demonstrated to some 
extent through risk assessment studies and monitoring programs. It is difficult, however, to obtain reliable 
predictions about long-term safety on a particular storage site because of the complex interactions of different 
trapping mechanisms, namely structural, residual, mineral and solubility trapping in inherently heterogeneous rocks. 
In this paper we focus on the fate of dissolved CO2 subject to depressurization in the pore space of a rock sample 
under actual storage conditions. 
In the case of a depressurization of CO2-saturated brine in a saline aquifer storage project, following injection or 
perhaps as CO2 saturated brine moves up a fault, CO2 could exsolve from solution. Exsolved CO2 could then move 
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due to buoyancy forces towards the ground surface and potentially effect shallower drinking waters supplies, as well 
as causing safety and environmental hazards. 
Using an appropriate experimental setup developed to inject CO2-saturated brine into rock plugs in realistic 
storage conditions in terms of pressure and temperature [1] we began a series of so called “exsolution” experiments. 
During the experiments the rock sample is first saturated with CO2-saturated water at high pressure and temperature. 
Then the fluid pressure is reduced to much lower values and a medical CT scanner is used to map the spatial 
distribution of the CO2-rich phase that is formed. The objectives of the current study are to test our ability to detect 
the formation of free CO2, to measure and map CO2 saturation and to follow CO2 behavior as function of time. 
2. Experimental setup 
The setup used here is a somewhat simplified version of a more complex apparatus developed for multiphase 
flow experiments with supercritical CO2 and brine [1]. The schematic of the current version of the instrument is 
displayed on Figure 1. 
Figure 1. Experimental setup used for the exsolution experiments. 
The core sample is wrapped in a thin nickel foil and a Teflon sleeve and placed inside a core-holder made out of 
aluminium. A confining pressure (Pconf) is applied around the rock plug using a syringe pump (Teledyne Isco Model 
260D) and set to a value that is always maintained 27.6 bar (400 psi) higher than the pore pressure or reservoir 
pressure (Pres). CO2 saturated water is prepared by mixing CO2 and water at high pressure and room temperature for 
a long time to insure a complete equilibration of CO2 and brine. A second pump (pump A, Teledyne Isco Model 
450D) is filled with the mixture and injects CO2-saturated water in the core sample. The back pressure pump (pump 
B, Teledyne Isco Model 450D) maintains the pressure in the system and is used to lower the pressure when needed. 
The temperature of the core sample is maintained by two electric heaters. 
3. Experimental procedure 
The rock sample is a fairly homogeneous Berea sandstone 10.2 cm long and 5.1 cm in diameter. Its average 
porosity is 20.5 %. To prepare the CO2-saturated water, 44 ml of CO2 are mixed with 463 ml of pure water at 124 
bar (1800 psi) and room temperature ( ~ 23 °C) during 2 days. 
The dry core is first filled with CO2 at low pressure to remove air completely. CO2-saturated water is then pushed 
in the pore space of the rock sample and the pore pressure is increased up to the desired value. The initial pore 
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pressure is 124 bar (1800 psi). A complete scan of the core is made to check that only one phase is in place, i.e. that 
no free CO2 is present in the pore space. At this point the CO2 saturation is equal to zero. 
At t=0 the pore pressure is quickly decreased from 124 bar (1800 psi) to 69 bar (1000 psi) and the sample is 
scanned a second time. After the quick initial drop in pressure, an unintentional small leak developed in the 
apparatus caused the pressure to slowly decrease at an average rate of 0.035 bar/min (0.5 psi/min) during about 20 
days (477 hours). During that time the core is regularly scanned and the CO2 saturation is determined as well as its 
spatial distribution. 
The thermophysical properties of CO2 at conditions that are relevant here are presented in Table 1. Density 
values and CO2 solubility into water (XCO2) are taken from ref [2] and ref [3]. The pressure profile from t=0 to the 
end of the experiment is displayed on Figure 2. 
Pressure (psi) Pressure (bar) T (°C) XCO2 (mol fraction) CO2 Phase d (g/ml)
1800 124.11 50 2.15% supercritical 0.6084 
1000 68.95 50 1.68% vapor 0.1677 
880 60.60 50 1.61% vapor 0.1375 
Table 1. Thermophysical properties of CO2 used in the experiment. 
Figure 2. Pressure in the core. After an initial drop in pressure at t=0 from 124 bar (1800 psi) to 69 bar (1000 
psi ) a small leak causes the pressure to slowly decrease at 0.035 bar/ min (0.5 psi/ hour) for 20 days. 
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4. Results
As the pressure drops the CO2 solubility in water decreases and CO2 exsolves from water forming a separate, non 
miscible, phase. The quantity of “free” CO2 present in the rock sample as a function of time is shown on Figure 3 
and Figure 4. Figure 3 shows this quantity in terms of quantity of fluid (mole) and Figure 4 shows it in terms of 
volume (CO2 saturation = volume of free CO2 / total pore volume). We observe on Figure 3 that the quantity of 
exsolved CO2 increases first from t = 0 to t ~ 60 hours and then decreases until the end of the test. The reason for the 
observed increase from 0.019 mol to 0.022 mol over the first 60 hours is not immediately evident. Possible 
explanation could include 1) slow or variable kinetics of ex-solution from the CO2-rich water in rocks with a range 
of pore sizes, 2) changes in detection limits as bubbles of exsolved CO2 aggregate into larger bubbles, and 3) 
continued decreases in pressure associated with water migration out of the core . As the pressure continues to drop 
the CO2 solubility into water continues to decrease as well and more and more CO2 is exsolving. But at the same 
time, CO2 begins escaping from the sample, thus the overall quantity of CO2 is decreasing. The change of density of 
CO2 as the pressure goes down compensates for the loss of CO2 molecules through time and the overall volume of 
CO2 increases slightly from t ~ 60 hours to the end of the experiment as seen on Figure 4. The CO2 saturation at t=0+
(7 minutes after the initial depressurization) is 11.7 %. This value is somewhat larger than would be expected from 
equilibrium considerations. Performing a mass balance on the CO2 in the system, and considering the variable 
density of the CO2 phase at different pressures, we would expect an initial CO2 phase saturation of only about 6%.  
Numerical simulations of this experiment, performed using the TOUGH2-ECO2N code [4] show that during 
depressurization, we would expect this value to gradually increase to about 12%.  The reasons for this difference in 
observed and predicted behavior are not yet clear. 
Figure 3. Evolution of the quantity of exsolved CO2 in 
the core sample as a function of time. 
Figure 4. Evolution of the volume of CO2 (CO2
saturation) in the core sample as a function of time. 
Figure 5 shows vertical cross sections through the center of the core for different times. Clearly complex and 
fascinating behaviors are evident. In Figure 5, top left, the CO2 saturation map collected at t=7 min shows the initial 
situation immediately after the initial depressurization. This first CT observation collected from this experiment 
shows that the CO2 phase is forming almost homogeneously throughout the sample, although a little more CO2 was 
formed at the top of the sample, and at the right side. The average CO2 saturation is about 10% in the left hand 
portion of the core and 15% on the right side of the core. 
From t=0 to t~45 hours, the CO2 saturation profiles along the core gradually increased, which shows that the CO2
spatial distribution is not changing. This indicates that brine is flowing relatively uniformly out of the core and thus 
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enabling increases in CO2 saturation. During that time gravity does not seem to have an impact on CO2 behavior and 
CO2 saturation is simply increasing because its solubility in water is decreasing. It also takes more pore space to 
accommodate the CO2 because its density is decreasing (due to the drop in pressure caused by the small leak). After 
~70 hours a “water front” seems to invade the core sample from the left side leaving very little CO2 behind it (Figure 
6). This behavior is apparently a consequence of the leak present at the right side of the sample. As CO2 leaves the 
core on the right side, counter-current flow of brine towards the left side of the core is required to explain the 
observed decrease in saturation. The sharpness of the “interface” between the CO2-rich zone and CO2-poor zone is 
striking and is probably a consequence of the great homogeneity of the sample that was used and the tendency 
towards gravity-capillary equilibrium in the vertical direction. If the sample were very heterogeneous, the 
equilibrium saturation profile would be correspondingly heterogeneous [5, 6]. 
t=7 min, P=1010psi, S=11.7% t=4.5 h, P=992psi S=12.9% t=74.5 h, P=912psi, S=15.5% 
t=222 h, P=849psi, S=15.6 % t=357 h, P=805psi, S=15.9% t=477 h, P=775psi, S=16.1% 
Figure 5. Spatial distribution of CO2 as a function of time. 
5. Conclusion 
Using an appropriate experimental setup we have observed the formation of exsolved CO2 due to a sudden 
depressurization of a core sample initially filled with CO2-saturated water. During the initial depressurization, a 
small amount of water was extracted from the core, resulting in the formation of a separate phase of exsolved CO2
that was distributed fairly uniformly throughout the core. Over the next 450 hours we observed the results of a small 
leak at one end of the core holder. The leak resulted in complex multiphase flow behavior. Due to its comparatively 
high mobility, only CO2 leaked out of the core. This provided the opportunity to observe counter-current flow of 
CO2 and brine while CO2 flowed out of the core.  Interestingly, a remarkably sharp vertical front developed between 
the CO2 rich and CO2 poor regions of the core. Simulations of these results are needed to fully explain the observed 
behavior. More experiments are also needed to further explore the importance of exsolved CO2, but this preliminary 
work demonstrated that such experiments are possible and can provide new insights into multiphase flow of CO2
and brine under a variety of interesting conditions. 
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